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\@(@\0 GENERAL CHARACTERISTICS

Performance improvement of a reaction-mass propulsion system for space
rockets can be effected only by an increase in the energy content of the

propellant. Thus by utilizing the propellant with the highest specific
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heat - hydrogen, solid-core nuclear rockets are capable of a higher specific

impulse than that possible with a chemical system for a given temperature.

.

A GAS-CORE REACTOR, like a solid-core reactor, for nuclear propulsion is a
through-flow device; hydrogen and a fissionable gas flow into an externally
moderated-reflected cavity, heat is released by nuclear fission, and the
mixture of hot gases is expanded through an exhuast nozzle to produce thrust.
The fissionable gas is not retained in the cavity; a constant uranium to
hydrogen mass flow ratio enters and leaves the reactor. The frequently used
term "separation”" process denotes an increase of fuel residence time over

that of the hydrogen and, correctly used, does not imply that any fuel is
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permanently retained in the system.

% Further performance increases require a higher propellant exhaust tempera-

i
il

ture. Since the maximum propellant exhaust temperature cannot exeeed that

of the heat-transfer surface in a solid-core nuclear system, a fundamental

change is neccsssry to provide a specific impulse significantly greater than

the 1000 seconds associated with an advanced solid=core nuclear rocket.

A gas-core reactor offers the attractive possibility of specific im-

pulses up to 3000 sec0ndé° Basically, this is accomplished by maintaining

the nuclear fuel in the reactor as a gas rather than as a solid. Obviously,
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the containing walls still impose a temperature limit on the system, but
now thé energy transfer to the propellant can occur at higher temperatures.

,‘Figure 1 illustrates the fundamental gas-coré concept. Hydrogen pro=-

pg}lant and gaseous uranium 235 (or plutonium 239) are injected into an

-

/%xternally moderated-reflected reactor cavity. With the system under the
pressure necessary to maintain a critical mass within the reactor, the nu-
clear heat released is transferred to the propellant either by direct mo-
lecular collisions or by thermal radiation. The heated propellant and the
fissionable material are then ejected through an exhaust nozzle to produce
thrust.

Although the gas-region temperature may exceed that of a solid fuel
element, there is a limit resulting from the fact that all of the fission-
generated heat is not transferred directly to the propellant; some is de-
posited in the surrounding solid regions by gamma and neutron heating and
by thermal radiation %0 the eavity walls. For example, if 10 percent of
the total enthalpy rise of the propellant must occur at a gas temperature
of 5000° R or less, the maximum exhuast temperature of a constant-specific-
heat propellant is limited to 50,000o R. The implications of this restraint
are discussed more extensively in reference 1.

Another performance limit is imposed by the required cavity pressure.
For prescribed materials and reactor geometry, the atom density required
for criticality is fixed. Because the nuclear fuel is a gas, the congid-
eration of higher temperatures is directly reflected in an increased pres-

sure requirement. Even within these limits, however, propellant exhaust
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onds are potentially available from such a system.

While an increase of specific impulse is certainly desirable, an
overall performance advantage may not exist if it is accompanied by a de=-
crease of reactor thrust to weight ratio. It is therefore necessary to
investigate briefly the trade-off between impulse and thrust-weight ratio.
This will then provide a useful evaluation criterion for proposed high-
impulse systems.

Figure 2 shows the specific impulse required to perform & seven-
man, 460-day Venus mission as a function of powerplant thrust to weight
ratio. The reference vehicle here is an advanced solid-core nuclear
rocket with a thrust to weight ratio of 50 and an impulse of 1000 sec=-
onds. These curves show the decrease in vehicle weight afforded by im=-
pulses greater than 1000 seconds; for example, & 3000-second engine with
a thrust to weight ratio of 3 could perform this mission with & total
vehicle weight one-half that of the solid-core system. It is also in-
teresting to note that a 3000-second-impulse engine with a thrust-weight

ratio of 10;510ffers no advantage over the solid-core reference vehicle;#aﬂ THE
V)

7-1RN VvENGS MISS/1ON S How N/,

It is possible to utilize the advantage of high specific impulse to
decrease the trip-time requirement rather than the vehicle weight. This
is illustrated in figure 3 again for a seven-man Venus mission with an
initial weight in orbit of 1.7 million pounds and a thrust to weight ratio
greater than 10'1. A gas-core reactor system with an impulse of 3000 sec-
onds would reduce the solid-core trip-time requirement from 460 to 150 days.

This is perhaps a more significant advantage; for the same 460-day

trip time, the high-impulse-system weight was less, but both vehicles still
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performed the same mission. For equal vehicle weight, however, the solid-
care rocket cannot compete on the basis of trip time - it simply could not
accomplish the mission in less than 460 days. Future information on human
and system reliability factors will more clearly define the advantage, or

perhaps necessity, of reduced trip-time capability.

It is apparent, then, that a gas-core nuclear rocket has a perform-
ance potential sufficiently greater than a solid-core system to warrant
additional consideration. It is the purpose of gaseous reactor research
to evaluate to what extent this maximum possible performance is attainable.
Described herein are the various concepts currently under consideration,
their unique and common problems, and the present status and future goals
of the research.

CURRENT RESEARCH

Gaseous reactor research is presently concerned with providing an
answer to the question;Will it work? Before discussing the specifics of
this research, it will be helpful to define just what mechanisms are in-
volved in a gas-core reactor. Basié:élly, there are three processesg at
work simultaneously, as illustrated in figure 4.

First, because the system is a reasctor, sufficient fissionable mate=-
rial must be present to maintain a chain reaction. Second, because it is
a propulsion device, hydrogen propellant must flow through the reactor
cavity. Fianlly, because it is a heat exchanger, the fission energy must
be transferred to the hydrogen. So, hydrodynamics, heat transfer, and
nucleonics in approximately thal order of lmportance are problem areas
common to any gas-core concept. All three phenomena are currently under

investigation.




The hydrodynamic requirements on a gas-core reactor system are ex-
tremely severe; and consequently major attention has been focused in this
direction. The problem results from the fact that the fissionable fuel
flows through the reactor and is ejected with the hydrogen propellant.

The ratio of the mass flow rate of hydrogen to fuel is the parameter of
particular Iinterest. One effect of exhausting fuel with the hydrogen is
the reduction of specific impulse due to the resultant increase of
propellant-gas average molecular weight. For example, if this flow ratio
is unity, the specific impulse is reduced to 70 percent of that obtainable
with pure hydrogen. This effect of molecular weight dilution is illus-
trated in figure 5. The curve shown is an approximation since it is based
on a fuel to eé?%ogen molecular weight ratio that 1s assumed to be constant
(unaffected by dissociation and ionization). Although the curves of fig-
ure 5 would actually be pressure dependent, they are sufficient to illus-
trate the general effect.

A more severe limit on fuel loss is placed by economic considerations.
- For example, if the cost of nuclear fuel used is limited to that of the
hydrogen, the fuel flow rate must be 1/35%0 that of the hydrogen (ref. 2)
Reference 2 also shows that uniform mixture of these proportions implies
a8 reactor pressure of the order of 100,000 psia for criticality. Obviously,
something must be done to reduce the required pressure to a reasonable level.
This can be accomplished by slowing the fuel, relative to the hydrogen, as
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crease of fuel residence time relative to that of the hydrogen.
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This increase can be viewed as a "separatien” faector S. In general,

the required reactor pressure in psia is given by:

p 4w g T
1666 - 35 1018 10,000

where Np 1s the critical density, at/cc; T 1s the reactor temperature,
OR; and W' 1is the hydrogen to fuel mass flow rate ratio. The separation
factor S is the ratio of fuel to hydrogen residence time in the reactor,
or, conversely, is the ratio of the average hydrogen velocity through the
reactor to that of the fuel.

Although the term separation affords & convenient one~word reference
to the flow process involved, it must be used wlth care. It does not imply
that some fuel is separated and retained in the system, but rather that the
fuel atoms follow a separate, or different, path through the reactor so
that the fuel residence time is greater than that of hydrogen.

A feagible gas-core system must provide a separation factor of the
order of 100. Fluid-mechanical or external body forces have been consid=-
ered as means to this end.

Two proposed schemes that utilize hydrodynemic forces to accomplish
the fuel hold-up, or "separation," are (1) a vortex (refs. 3 and 4) and
(2) a coaxial flow system (ref. 5),€§Z;!illustrated in figure 6. The
vortex system proposes to achieve separation as a result of pressure dif-
fusion that tends to create a high-density annular fuel region through
which the propellant must diffuse. Physically, the process can be pic=-
tured as a centrifugal one in which the heavy fuel atoms are thrown radially

outward; this effect is opposed by the incoming gas flow that tends to
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carry them radially inward. The primary difficulty here is that the large
hydrogen flow rates required for high thrust tend to diminish the separa-
tion process. Analysiaﬂ?’suggeststhat to alleviate this problem the system
should be composed of many parallel vortices placed in a tube bundle

(ref. 3) or a single-cavity matrix (ref. 6) The effects of turbulence
(refs. 6 and 7) and end-wall boundery-layer flow (ref. 8) in a vortex
system have been studied.

Where the vortex attempts to separate a fuel-propellant mixture, the
coaxial flow system is aimed at mainteining an initial separstion. In
this configuration, the fuel is injected with a low velocity into a sur-
rounding fast-moving propellant stream. Although the fuel stream is accel-
erated by diffusion and momentum transfer as it moves through the reactor
cavity, the average fuel residence time 1s greater than that of the hydro-
gen. A turbulent coaxial flow system is currently under investigation at
the NASA Lewis Research Center.

Other gas-core concepts that have been suggested are: (1) a plasms
core (ref. 9), which employs electromagnetic forces to maintain separation,
and (2) a "glo-plug" system (ref. 10), which proposes complete fuel con-
tainment within transparent tubes. The plasma-core concept must entertain
extremely large magnetic-fleld strengths, and a glo-plug system faces se-
rious materials requirements.

Because propellant temperatures (lO,OOOo to 30,000o R) well above the
f 8olid materials must be contained within a reactor cavity,
any ges-core system incurs severe thermal radiation problems. If all of
the nuclear heat released is radisted to the reactor wall, propellant tem-

peratures obviously cannot exceed that of a solid-core reactor, and the



performance advantage is lost. Some concepts, such as the coaxial flow,
plasma core, and glo-plug, depend to a large extent on thermal radiation

to transfer energy to the propellant., This necessarily implies a propellant
that is opaque to thermal radiation.

Two conflicting requirements now exists

(1) The propellant must be hydrogen. (Hydrogen is transparent below
about 12,000° R).

(2) The propellant must be opagque.

This ineluctable situation can be resolved by adding a mg%erial to the

hydrogen to render it opaque. Solid particles, mists, and other gases
HEASURENENT S

are the possible choices, Reference 11 reports some transmissivity‘of

room temperature particle dispersions and concludes that solid-particle

seeding appears to be a possiblility. Other aspects of thermal radiation

have been investigated (refs. 12, 13, and 14) but much remsins to be done.

Though some of the nucleonic characteristics are obviously unique,
reactdr criticality does not appeai'to impo'e any severe constraints on
a gaseous reactor system. A two-dﬁmensional diffusion study of a gas=-
core reactor presented in reference 15 contains an analysis of the ef=-
fect of pertinent geometry, meterials, and temperature factors on criti=-
cal mass.

Since essentially all nucleonic work to date has been of an analyti~
cal nature, the value of critical and subcritical experiments is apparent.
The only use known to this author of a gaseous nuclear fuel in a critical
assembly is the Russian reactor reported in reference 16. Though the
fissionable material UFg was a gas, the reactor was not a "cavity" re-

actor; the moderation was accomplished by a beryllium metrix within an
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external graphite reflector. That reference reports experimental evidence
which suggests that gaseous fueled reactors possess an inherent control
advantage that can be exploited by providing an external volume into
which the nuclear fuel can expand as the temperature is increased. Refer-
ence 17 describes a cavity~reactor critical experiment in which solid-fuel
foil was externally moderated-reflected with heavy water. Fair agreement
between diffusion theory and experiment is reported in reference 18 for a
polonium~beryllium source in a graephite-reflected cavity.

Status and Future Goals

At present, the bulk of gas-core reactor research is directed toward
the flow process. Analytical and experimental studies are being conducted
on two-component isothermal flow systemag‘%or example, air and bromine.
The baslec analyses utilize the more rigorously understood laminar-flow
relations, but turbulence is recognized as the more likely flow regime.
Laminar results are therefore modified, somewhat empirically, and experi=-
mental studies are used to check the validity of the procedure (ref. 2).
Though much remains unknown, preliminary performance estimates have been
made and, within the limits of the necessary assumptions, the results
appear promising.

A two-dimensional gray-gas thermal radiation analysis (ref. 1l4) car=-
ried out at Lewis indicates that optical thicknesses of the order 10 are
required to prevent excessive radiant heating of the wall in gas-core
reactors. A sysitem of such opacity would absorb 99.995 percent of inci=-
dent radiation, transmitting only 0.005 percent. Such an apparently ex-

WITH

treme condition can be obtained by seeding hydrogenfapproximetely 1 percent
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of
by weight wéed carbon dust, based on values reported in reference 1ll. Sych

an estimate, however, is restricted to a rather narrow range of conditions
and serves mainly to indicate the need for more information.

Obviously, solid-particle seeding is not the complete answer, because
the sublimation would occur within the reactor for contemplated exhaust
temperatures of 10,000° to 20,000° R. Materisls such as cesium and lithium
have also been suggested as possible seeding materials. The overall prob-
lem of radiative heat treansfer to seeded hydrogen is quite complicated and
further work is necessary. This is particularly true with regard to chemi-
cal interaction between the hydrogen and seeding material and the optical
properties of the resulting chemical species.

Some analytical information is available on the optical absorption
properties of hydrogen gas, but little or no experimental data exist in
the temperature range of S000° to 50,000o R and for pressures from 1 to 300
atmospheres. Analytical and experimental studies of the absorptivity of
possible seeding materials are also needed. For a gas-core reactor, the
exhaust~nozzle~cooling problem is considerably more complex than for con-
ventional systems. In addition to conduction heat transfer, thermsl radia-
tion from the hot exhaust gases will further complicate nozzle cooling.

To date, this problem has received little attention.

The reactor criticality information available is sufficient for system.
performance estimated, but additional work will be required for specifig
configurations and operating conditions., The applicability of diffusion
theory to cavity reactors has been relatively unexplored because of a lack

of existing experimental information. Computational difficulties have
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prevented any extensive comparison of transport and diffusion methods for

gas=-core configurations. Effects on reactor criticality of fuel and modera-

tor density gradients and gamma and neutron heating have not been investi=-
gated to any extent.

The performance potential of gaseous reactors far exceeds the best
envisioned for solid-core heat-transfer rockets. To what extent this po=-
tential can in fact be realized is not presently known. Results of research
studies are sufficiently promising to Jjustify further work in this field.
Even when treated separately, the hydrodynamic, heat transfer, and nucleonic
processes are difficulqy‘to analyze. Recognition of their mutual dependency
will introduce additional complexities, but 1s necessary for a reslistic
understanding of system performance. This is the next mejor goal of cur~-
rent gas=-core research. It is an effort that is both useful and necessary,
and, hopefully, one that will lead to a new generation of nuclear rockets.
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Figure 3. - Effect of specific impulse on mission
time for a seven-man Venus mission. Initial weight
in oibit, 1.7 x 108 1b; thrust per powerplant weight,
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